Background: Human cytomegalovirus (HCMV) infection is closely associated with coronary heart disease. Main body of the abstract: In 1987, Adam et al. were the first to report an association between HCMV infection and atherosclerosis (AS), and later, many serum epidemiology and molecular biology studies showed that HCMVinfected endothelial cells play an important role in the development of AS. As patients with HCMV are generally susceptible to coronary heart disease, and with the increasing elderly population, a review of recent studies focusing on the relationships of HCMV infection and coronary heart disease is timely and necessary. Short conclusion: The role of HCMV infection in the development of AS needs further study, since many remaining issues need to be explored and resolved. For example, whether HCMV promotes the development of coronary AS, and what the independent factors that lead to coronary artery AS by viral infection are. A comprehensive understanding of HCMV infection is needed in order to develop better strategies for preventing AS.
Background
Coronary atherosclerotic heart disease, also known as coronary heart disease (CHD), involves the coronary and other circulations [1] [2] [3] . Atherosclerosis (AS) causes vascular stenosis and/or obstruction, resulting in myocardial ischemia [4, 5] and hypoxia [6] and ultimately CHD with loss to society [7, 8] and even death [9] . AS is prevalent in the elderly: in Western society it is the primary cause of death, and in China, the incidence is~80% in those over the age of 60 years [10] [11] [12] . It is showing an increasing trend along with population aging.
The World Health Organization divides CHD into 5 types [3] : silent myocardial ischemia (occult CHD), angina pectoris, myocardial infarction, ischemic heart failure (ischemic heart disease), and sudden death. Clinically, it is divided into stable CHD and acute coronary syndrome. Although epidemiological studies have shown that classical risk factors such as high blood lipids [13] [14] [15] , high blood pressure [16, 17] , smoking [18] [19] [20] [21] [22] [23] , obesity [24] [25] [26] [27] [28] [29] , and diabetes [30] [31] [32] [33] lead to CHD, its etiology is not fully understood. In recent years, these traditional risk factors have been effectively reduced, but the incidence of AS is still high [33] [34] [35] . And 30-50% of patients with AS lack these classic risk factors, indicating that other unknown factors are involved in its pathogenesis.
Further studies have revealed that infection is closely associated with CHD. Epidemiological studies have shown that pathogens such as Chlamydia [36] [37] [38] [39] [40] [41] [42] , Cytomegalovirus (CMV) [43] [44] [45] [46] , and Helicobacter pylori are involved in the occurrence and development of AS [47] [48] [49] [50] [51] . CMV infection has received increased attention since Frabricant successfully established an experimental AS model in chickens infected with CMV [52] . In recent years, many serological and molecular-biological studies have shown that human CMV (HCMV) infection of endothelial cells (ECs) plays an important role in the development of AS [53] [54] [55] [56] [57] [58] [59] . Several pathological and animal models have suggested that HCMV infection is involved in the pathogenesis of CHD. Here, we review research progress in the relationship between HCMV infection and CHD.
Correlation between cytomegalovirus and coronary heart disease
In the 1940s, Paterson and Cottral noted a very close relationship between herpes virus infection and AS, and in 1983, Melniek et al. investigated possible viruses associated with human AS lesions but failed. Later, they removed plaques and surrounding tissues, cultured them, and used immunological techniques to detect HCMV antigen. They found that 52% of AS lesions were HCMV antigen-positive while non-AS tissues were only 29% positive, suggesting that HCMV is an initiating factor for AS [60] . The results of Horvath et al. suggested that HCMV and Epstein-Barr virus occur in the arterial wall, which is thus a potential site of persistence of these viruses. They also found a significant association between the presence of HCMV DNA in the aortic wall and AS [61] .
Along with further research, related studies on serological epidemiology, molecular biology, and animal experiments have also indicated that HCMV infection is closely associated with the progression of AS.
Sero-epidemiological evidence
In 1987, Adam first reported that CMV infection is associated with AS: the HCMV infection rate and the antibody titer were significantly higher in an AS group than in a non-AS group [62] . Meanwhile, the antibody level did not vary with the cholesterol level, suggesting that HCMV infection is involved in the occurrence of AS and CHD. Eryol investigated HCMV-IgG in 179 patients suspected of having CHD [63] , and after coronary angiography, 123 were diagnosed with the disease. Only 6 individuals were IgG-negative and 87 had a high titer (> 8 μg/ml). After excluding CHD caused by the traditional risk factors, a high antibody titer remained a significant factor. A study of 14,153 cases showed that patients who underwent cardiopulmonary resuscitation were positive for HCMV antibody. These patients had high levels of Creactive protein (CRP) and showed 30.1% higher mortality and 29.5% higher cardiovascular mortality than those who were HCMV-negative and had low CRP levels [64] .
In addition, CMV is associated with ischemic heart disease (IHD) among organ transplant recipients. Gkrania-Klotsas et al. showed that CMV IgG antibody levels are associated with incident IHD compared to seronegativity in the population-based EPIC-Norfolk study [65] . The prospective AS risk in communities (ARIC) study of CMV, herpes simplex virus 1, and CHD showed that high levels of CMV antibodies are significantly associated with incident CHD. Infection with CMV, particularly in susceptible disease states such as diabetes, may be an important risk factor for CHD [66] and there is at least a modest association between CMV and asymptomatic carotid wall thickening, consistent with early AS [67] .
Molecular biological evidence
Direct evidence for a link between HCMV and AS has come from recent molecular biology studies. The polymerase chain reaction (PCR) technique has been used to detect the HCMV immediate early (IE) and late (L) genes. Xenaki et al. detected HCMV in the peripheral blood of 40 patients with CHD using PCR [68] . The results showed that the positivity rate of HCMV in the CHD group was significantly higher than that in the control group. Chen detected HCMV IE genes and L gene fragments using PCR and in situ hybridization, and found that the positive rate in the AS group was significantly higher than that in the non-AS group [58] . In addition, the viral DNA was mainly concentrated in the nucleus and the endothelial layer as well as in lesions of the smooth muscle layer, suggesting a possible pathogenic effect of HCMV infection in AS. Reinhardt detected HCMV in HCMV-infected cultured human renal arterial cells and, using immunohistochemistry and in situ hybridization, found gradual HCMV infiltration, indicating that the activation state of virus infection causes inflammation of the artery [69] . In addition, HCMV infection increases the incidence of coronary AS in patients after cardiac transplantation, suggesting that HCMV infection is closely associated with AS [70] [71] [72] [73] .
Animal models of atherosclerosis caused by CMV
Fabricant showed that chickens infected with Marek Disease Virus (MDV) had AS lesions mainly involving arteries of the heart, abdominal cavity, stomach, and mesenteries; in contrast, no lesions were found in uninfected chickens [74] . Early-stage MDV antigen was concentrated at the sites of vascular injury, while in the advanced stage the antigen was present in the smooth muscle cells (SMCs) at the periphery of the plaque, consistent with the hypothesis that HCMV leads to AS. The formation of plaques in vascular SMCs (VSMCs), characterized by excessive proliferation and increased fat, was similar to the histological characteristics in human AS. In 1993, Bruggeman et al. confirmed that soon after heart transplantation in rats (after 1 day), rat CMV infection resulted in adventitial inflammatory cell infiltration, hyperplasia of intimal SMCs, and the formation of endometrial AS lesions [75] . This demonstrated that CMV is a pathogenic factor for AS. In 1994, they revealed that 9-(1,3-dihydroxy-2-propoxymethyl)guanine inhibits AS alterations primarily by reducing the infectious virus and thereby the inflammatory response in the allograft vascular wall; another possibility is a direct antiproliferative effect on SMC replication [76] . Also, the preventive application of ganciclovir sodium reduced the rat CMV infection that induced the formation of AS after cardiac transplantation [77] . They detected CMV using real-time PCR in the vascular ECs of rabbits infected with CMV for 3, 5, 14, and 35 days [78] . These results showed that CMV infection mainly affects the proliferation of VSMCs, leading to intimal thickening. Besides, Alber et al. reported an accelerated occurrence of AS in an apolipoprotein-E-deficient model of herpesvirus-infected mice and that antiviral therapy significantly reduced the incidence of AS [79] .
Different views
Although most studies have suggested that HCMV infection is associated with the risk of CHD, many epidemiological studies have shown opposite results. In 900 patients with coronary AS, Adler reported that the IgGpositive rate and IgG titer were not correlated with AS [80] . In a 12-year prospective study, Ridker discussed the relationship between HCMV and the future risk of myocardial infarction and stroke. After correcting for the traditional cardiovascular risk factors, no evidence for a relationship was found [81] . In a controlled study of HCMV infection in patients with CHD in Germany, 312 40-60 year-old patients (coronary artery stenosis > 50%) and 479 healthy volunteers were included. After correcting for covariates, there was no statistically significant difference in HCMV-IgG antibody, only for CRP [82] . Also, no hemorheology or inflammatory markers related to CMV serology were found.
Possible mechanism of HCMV infection developing to atherosclerosis
Previous studies have suggested that viral infection is a cause of AS. The biological characteristics of HCMV are consistent with the pathogenesis of AS; systemic HCMV infection leads to sub-clinical inflammation; and HCMV infects ECs, leading to cellular injury and metabolic changes [83] . Viruses from ECs then infect SMCs, and the latent or persistent infection in SMCs leads to proliferation and the accumulation of cholesterol and cholesterol esters. In cases of low immunity, latent infection is repeatedly activated, resulting in repeated damage to the arterial wall. In infected cells, abnormal apoptotic changes may play an important role in the pathogenesis. HCMV infection induces apoptosis in cultured ECs [84] . The apoptosis rate increases throughout the course of infection. In the early stage of infection, the rate is low, while the rate increases later to enhance proliferation. Finally, in the last stage of infection, the apoptosis rate decreases, which favors latent viruses.
Cytomegalovirus infection leads to the inflammatory reaction and immune responses
HCMV infection is systemic, and can cause subclinical inflammation, which is one of the important factors in AS. CRP reflects the degree of inflammatory activity and is also a sensitive index of tissue damage [85] [86] [87] . The study by De Backer et al. showed that patients with CHD had significantly higher CRP than the negative control group [88] . In addition, the HCMV-IgM antibody titer was positively correlated with hsCRP. CRP regulates the expression of many AS factors, and shows opsonization similar to IgG and complement. CRP promotes the activation of local complement, leading to tissue damage; the serum CRP levels are increased in stable angina pectoris, unstable angina pectoris, and acute myocardial infarction, suggesting that they reflect severe injury in unstable angina pectoris plaques [89] . A prospective study confirmed that hsCRP is an independent predictor of myocardial infarction and continuing high CRP indicates an increased risk of coronary events [90] . Biasucci et al. investigated coronary ischemic events in a follow-up of patients with stable angina pectoris of CHD over a year, and found that the CRP concentrations were < 2.6, 2.6-8.6, and > 8.6 mg/L in the blood of patients with incidence rates of coronary ischemic events of 13%, 42%, and 67%, respectively (normal values < 3 mg/L) [91] .
HCMV infection can cause a chronic immune inflammatory reaction [92] . The latent HCMV infection is periodically reactivated, resulting in a chronic immune response or inflammatory response that is damaging to the vascular endothelium and inner membrane, resulting in SMC proliferation and mutation. The formation of antibody immune complexes of HCMV antigen deposited in the vascular wall in AS lesions can induce vascular ECs, macrophages, foam cells, SMCs, and T lymphocytes to express the monocyte proteins CCL-2, − 3, − 4, and − 5 and macrophage colony-stimulating factor [61, 93] . Moreover, they also stimulate macrophages to produce and release of interleukins IL-1, − 6, − 8, − 10, and − 12, tumor necrosis factor alpha (TNF-α), and other inflammatory cell factors, which cause cellular and humoral immune responses, and accelerate the release of CRP to induce an inflammatory chain-reaction. The activation of blood mononuclear cells induces migration into the intima. Among these, CCL-2 is the most important and the most potent inducer of monocyte migration [94, 95] . These cells in vitro stimulate the expression of CCL-2 via oxidized low-density lipoprotein (OX-LDL) [96] . Another study showed that, due to periodic HCMV activation in arterial SMCs caused by local immune responses and inflammation, SMCs show degeneration and apoptosis caused by inflammatory substances, leading to instability in plaques, which are prone to rupture and bleeding, leading to acute coronary syndrome [97] .
Another important factor is TNF-α. After necrosis of ECs, TNF-α is significantly increased, causing acute vascular inflammation. Jeong et al. investigated the relationship between anti-HCMV antibody and carotid artery AS in South Korea [46] . A higher level of TNF-α and a greater intima-media thickness is associated with AS development. And TNF-α as an inflammatory factor, causing acute vascular inflammation, is important in the transition from AS and stable CHD to acute coronary syndrome. Thus, TNF-α reflects the level of inflammation in chronic AS infection. In addition, TNF-α promotes the expression of intercellular adhesion molecule-1 (ICAM-1), which assists the binding of ECs to leukocytes. TNF-α also promotes the early progression of AS by hardening blood vessels through its enhancement of collagen deposition by fibroblasts.
In 1996, Speir et al. showed that SMCs produce reactive oxygen species (ROS), including peroxide and hydroxyl free-radicals, leading to the activation of nuclear factor κB, and the intracellular ROS stimulates the expression and replication of HCMV genes to strengthen viral functions [98] . Under physiological conditions, free radicals are eliminated in vivo via antioxidant mechanisms, but under oxidative stress, an imbalance of ROS occurs. ROS increases in the vascular wall and the excess ROS modifies the endothelium to generate OX-LDL, which increases the permeability of vascular ECs, leukocyte infiltration, and cell proliferation, as well as changing cell death and apoptosis, interfering with intracellular signal transduction, and mediating the migration, differentiation, and secretion of cytokines by mononuclear cells. Studies have shown that HCMV products also activate the cyclooxygenase-2 (COX-2) promoter, increasing arachidonic acid release [99, 100] . ROS are produced via a COX-2-dependent pathway and cause vascular endothelial injury, platelet activation, platelet adhesion and aggregation, enhanced release, and increased tissue-type plasminogen activator activity, resulting in AS plaque thrombosis.
Endothelial injury
In vivo studies have revealed that HCMV infection of the vessel wall affects various cells including monocytes/macrophages, SMCs, and ECs [93] . Vascular ECs function as a barrier, as well as receiving and transmitting information, and secreting factors to maintain vascular integrity, regulate vascular permeability, and maintain blood flow. Moreover, they synthesize prostacyclin, thromboxane A2, endothelin, and their surface thrombomodulin. The adenosine diphosphate enzyme plays a role in platelet aggregation, thrombosis, and cell adhesion. ECs provide an antithrombotic surface and prevent the activation of coagulation factors and platelets [101] . EC damage is considered to be the initial step in AS formation. Endothelial dysfunction causes a change of endothelial permeability, promotes the proliferation of VSMCs, affects lipid metabolism, and influences cytokines and other inflammatory substances to induce the expression of leukocyte adhesion molecules and their products. It also induces inflammation of vascular endothelia, and affects blood coagulation and the fibrinolytic balance [99] .
The replication of HCMV in vascular ECs is the key point of persistent viral infection, transmission, and disease onset, and is the most direct cause of endothelial dysfunction and apoptosis. Ryckman et al. reported that three protein complexes of the HCMV UL128, UL130, and UL131 genes encode the viral envelope glycoprotein gH/gL that promotes the transport of HCMV into vascular ECs [102] . Their findings showed that UL128, UL130, and UL131 must all bind simultaneously onto gH/gL for the production of complexes that can function in entry into epithelial cells and ECs. Viral infection inevitably leads to abnormal metabolism and function in vascular ECs. These pathologies are due in important part to the ability of HCMV to enter and replicate in diverse cell types including ECs, SMCs, fibroblasts, and monocytes/macrophages, which may increase AS in the general population. Gharavi et al. showed that CMV stimulates the host to produce antibodies, mainly via combination with the receptors on the surface of ECs [103] . Specific antibodies bind the corresponding cell membrane antigen and active complement, leading directly to cellular damage or enhancing monocyte and neutrophil chemotaxis to induce EC injury via immune regulation, immune adhesion, and antibody-dependent cell-mediated cytotoxicity.
Bason et al. found that the IgG antibody to virus infection develops a cross-reaction with serum heat-shock protein, leading to metabolic changes in uninfected ECs [57] . The expression of vascular endothelial growth factor and adhesion molecules in HCMV-negative patients is significantly lower than in positive patients, and their expression is proportional to CRP. The enhancement of expression can promote the adhesion of ECs, monocytes, neutrophils, and lymphocytes and cause inflammation to damage ECs, which enhances the entry of monocytes into subcutaneous tissue. The infected EC releases virus particles to increase the local virus titer which becomes a further invasive source for VSMCs and persistent viremia. An influence on the metabolism and function of SMCs may be caused by direct interactions among cells and the release of soluble cytokines, such as IL-6, IL-8, basic fibroblast growth factor [104] , cig5/viperin [56] , and platelet-derived growth factor (PDGF) [105] .
In HCMV infection of ECs, miRNA-US25-1 expression is up-regulated. MiR-US25-1 regulates viral and host cell replication cycles, and its upregulation reduces EC viability without causing apoptosis and long-term inflammation of the vessel wall. The studies of Fan and others have shown that miR-US25-1 transfected into vascular ECs, the first combination of 5'-UTR binding site, so that the expression of HEK293 decreased [20] . These proteins are mainly cyclin-dependent kinase and the anti-apoptotic protein BRCC. The expression of the BRCC gene decreases, which could affect the repair of DNA damage and decrease the mRNA and protein content of the host cells, as well as damaging the ECs infected by HCMV, becoming a basis for AS [106] .
CMV infection affects lipid metabolism and causes lipid deposition
After CMV infection, cholesterol and triglycerides increase significantly in the host, and accumulate in the arterial wall without an effect of diet. Hepatic lipase (HL), lipoprotein lipase, and lecithin-cholesterol acyltransferase are considered to be the key enzymes in lipid metabolism; changes in these enzymes lead directly to disorders of lipid metabolism. HCMV infection modifies the host lipidome profile and the expression of several genes and microRNAs involved in cholesterol metabolism. In mice, murine CMV infection elevates plasma triglycerides but does not affect the level and functionality of high-density lipoprotein. HCMV, through its protein US28, reorganizes lipid rafts and disturbs cellular cholesterol metabolism [107] . In addition, CMV infection induces the pro-inflammatory cytokine IL-6, which then triggers ECs to release CCL-2, which recruits more monocytes and T-cells into the vessel wall thereby exacerbating local inflammation, and thus atherogenesis [108] . IL-6 and other pro-inflammatory molecules influence the cholesterol and lipid metabolism of ECs. In vivo experiments have shown that high levels of IL-6 stimulate trophoblast fatty-acid accumulation, which contributes to an excessive nutrient transfer in conditions associated with elevated IL-6 [109] . The synthesis of intracellular cholesterol results mainly from a series of enzymatic reactions involving hydroxymethylglutaryl coenzyme A (HMG-CoA) synthetase and HMG-CoA reductase. Thus, HCMV can infect VSMCs and the infection affects gene expression associated with cellular lipid metabolism, and this is involved in the occurrence and development of AS [110] .
Studies have shown that after infection with HCMV, the HMG-CoA synthase, HMG-CoA reductase, and acetyl-CoA acetyltransferase genes are expressed in infected VSMCs, confirming the upregulation of genes associated with the synthesis of cholesterol and cholesteryl ester expression. A study by Xie showed that VSMCs infected with HCMV have significantly increased expression of LDL receptor-associated proteins 10, 11, and 12, and intracellular expression of the HMG-CoA synthase and HMG-CoA reductase genes associated with cholesterol synthesis are also up-regulated. Meanwhile, the apolipoprotein A1 and apolipoprotein M genes are downregulated, and these are closely associated with anti-AS activity [110] . During inflammation and infection, by activating the positive acute response gene HMG-CoA reductase (encoding the rate-limiting enzyme of cholesterol synthesis) or by acting on cellular factors that reduce the cholesterol metabolism of 7a-cholesterol hydroxylase (CYP7A1), gene transcription increases the serum triglyceride and cholesterol levels [111] . After HCMV infection of Hep cells, activity of the CYP7A1 promoter and the activity of G2 are significantly decreased, and the infection interferes with cholesterol metabolism by affecting the activity of the hepatic CYP7A1 promoter. Simultaneously, HCMV infection also effects the intracellular lipid transporter [112] . The ATP-binding cassette ABCA1 is a lipid transporter that is very important for HDL production, and the liver is rich in ABCA1 expression, indicating that it plays a major role in HDL balance. Sanchez and Dong demonstrated decreased protein expression of ABCA1 in the early stage of HCMV infection. There is an inverse relationship between levels of serum HDL and cardiovascular disease and because ABCA1 functions in the initial stages of HDL synthesis, this protein is considered to be athero-protective. These findings further confirm that HCMV infection negatively regulates the ABCA1 carrier [113] .
A recent study showed that upregulation of singlestranded DNA-binding protein-1 (SSBP1) inhibits the expression of AS-associated low-density lipoprotein receptor, scavenger receptor class B, 3-hydroxy-3-methylglutaryl coenzyme A reductase, and cholesteryl ester transfer protein, along with the accumulation of lipids in cells. The inhibition of SSBP1 by HCMV infection promotes this lipid accumulation [114] , which depends on the uptake of OX-LDL, a process in which the scavenger receptor (SR) has been postulated to play an important role. Zhou et al. demonstrated that HCMV infection of human SMCs increases modified LDL uptake and stimulates the expression of class A SR gene mRNA [115] .
Promotion of the proliferation and migration of VSMCs
HCMV can lead to developmental and metabolic disorders of VSMCs, in which changes in proliferation and metabolism are not only the basic components of AS, but also the first components of the disease. HCMV has the characteristics of a tumor DNA virus [116] [117] [118] . The latent virus can be activated and recur periodically under conditions such as hypertension and hyperlipidemia so as to promote the proliferation of SMCs. The proliferation of SMCs is very important in the process of AS plaque formation [119] . The main cellular component of the fibrous plaque is SMCs, which not only synthesize connective tissue matrix but also phagocytize lipids in the endothelial formation of foamy cells. With the gradual increase, swelling, and disintegration of foamy cells, AS plaques remain unstable.
Tang-Feldman et al. [28] showed that HCMV infects human cells after the release of arachidonic acid, catalyzes the production of ROS by COX, and that IE-72/IE-86 activate the promoter of COX-2, increasing ROS production in infected cells. These two pathways stimulate the production of ROS to activate the inactive state of NF-κB in the cytoplasm, which elicits immune and inflammation-related expression of multiple cytokines such as IL-6 and IL-8 [120] . Prochnau et al. showed that a series of inflammatory factors such as IL-6, IL-8, and PDGF-AA are significantly up-regulated in SMCs after 24 and 72 h of HCMV infection. These cytokines induce oxygen free radicals, damage the vascular endothelium, activate platelets, enhance platelet adhesion, release, and aggregation, and enhance the activity of histone prothrombin activator, leading to thrombosis at the AS plaque. IL-6 induces ECs to release CCL-2, recruiting more monocytes and lymphocytes to the intima, exacerbating the local inflammatory response. IL-8 activates chemotactic neutrophils, and activated neutrophil oxidative bursts produce large amounts of ROS, stimulating more NF-κB and inflammatory factor production. The various factors constitute a complex network of mutual induction and mutual regulation, and jointly promote the development of AS [104] .
P53 is one of the most important tumor-suppressor genes associated with human tumors. The expression of p53 is important in cell-cycle regulation, blocking the cell cycle in G1, and inducing apoptosis. SMCs grown from lesions express the HCMV protein IE-86 and large amounts of p53. HCMV infection of cultured SMCs enhances p53 accumulation, which is temporally correlated with IE-86 expression [121] . Both of the HCMV genes IE-72 and IE-86 are sufficient to alter the cell cycle and generate an environment conducive to proliferation [122] . Plus, p53 is also responsible for the anti-apoptotic properties of HCMV-infected cells [123] . The IE-86 protein encoded by HCMV combines with intracellular p53 protein and inhibits its function, so it cannot play its role in apoptosis regulation, leading to hyperproliferation and vascular angiostenosis [124] . Moreover, IE-2 upregulates the expression of the anti-apoptotic genes mcl-1 and bcl-2, reducing the number of apoptotic cells and not only aggravating inflammation, but also causing the accumulation of susceptible SMCs, leading to the occurrence of vascular stenosis, an important mechanism in AS. HCMV infection also changes cellular metabolism, promotes lipid deposition, and upregulates the SR expression in VSMCs, promoting the development of vascular injury [125] . Reinhardt showed that human VSMCs infected with HCMV have enhanced expression of PDGF receptors [126] . This increases the uptake of OX-LDL into VSMCs and the expression of SRs promotes the formation of AS plaques. Meanwhile, PDGF also inhibits collagenase by upregulating the expression of tissue inhibitor of metalloproteinase and reducing the degradation of extracellular matrix.
HCMV promotes coagulation and increases thrombosis
HCMV infection leads to increased CRP, which induces the expression of tissue factor in monocytes, initiates the coagulation process, and increases the risk of thrombosis; elevated CRP also enhances the coronary risk [127] . CRP is a chemotactic factor for fibrinogen, resulting in the accumulation of reactive T lymphocytes, increased platelet activity, and imbalance of the coagulation and fibrinolysis system, increasing the incidence of arterial thrombosis and acute coronary syndrome [128] . Vascular ECs produce and release nitric oxide (NO), an endothelial factor, to inhibit platelet aggregation and the adhesion of monocytes and macrophages [129] . HCMV infection leads to reduced NO synthesis and secretion, switching the platelet status from anticoagulant to pro-coagulant, thus increasing both vascular endothelial adhesion and thrombosis [54] . The activation of latent HCMV infection can periodically affect vascular ECs and cause high expression of platelet alpha-granule membrane protein-140, Eselectin, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecules, and other tissue factors, which greatly change EC adhesion and resistance to anticoagulation and increase the binding of ICAM-1 among white blood cells, platelets, and ECs. Moreover, the platelets change from the anticoagulant to the pro-coagulant state, so platelet adhesion and aggregation occur. This is a key step in early inflammatory vascular injury. HCMV US2 is a multifunctional degradation hub which modulates diverse immune pathways involved in antigen presentation, natural killer cell activation, migration, and coagulation. This highlights the impact of US2 on HCMV pathogenesis [130] . Finally, HCMV-infected ECs also promote the formation of coagulation factors and tissue factors. In addition, monocytes play a central role in the process of viral dissemination, whereas ECs may serve as a viral reservoir, maintaining persistent infection in HCMV-infected AS patients following the primary infection. Persistent infection leads to dysfunction of ECs and activates pro-inflammatory signaling involving NFκB, specificity protein 1, and phosphatidylinositol 3-kinase, as well as expression of the platelet-derived growth factor receptor [93] .
Studies have revealed roles of monocytes in viral dissemination and crosstalk between these cells and ECs during HCMV infection. Studies have shown that both OX-LDL/ lectin-like OX-LDL receptor 1 and CCL-2 attract monocytes to ECs in an initial step in atherogenesis [131, 132] . Similarly, Bolovan-Fritts and Spector reported a major pathogenic effect in which EC damage and loss follow the induction of fractalkine and the upregulation of cell adhesion markers in the presence of peripheral blood mononuclear cells (PBMCs) from donors with a high CMV-specific T-cell frequency [133] . So, when CMV infects ECs, PBMCs can be productively infected by contact with CMV-infected ECs, as shown by co-culturing PBMCs with CMV-infected endothelial monolayers [134] . Gerna's study also demonstrated a role of monocytes to viral dissemination. In primary infection, both epithelial cells and ECs can be infected first. Then virus transport occurs via leukocytes such as monocytes and polymorphonuclear leukocytes. As monocytes differentiate to macrophages, they become highly susceptible to human CMV replication inside organ tissues, while polymorphonuclear leukocytes are active in viral-capture from infected endothelial vascular cells and transporting them to distant sites [135] . Interestingly, Guetta et al. found that freshly-isolated human monocytes infected with endothelium-passaged CMV can transmit CMV to co-cultured ECs or SMCs [136] , which enriches the hypothesis of monocyte-EC interactions and crosstalk in the progress of viral infection.
Conclusions
Over the past 30 years, there has been extensive discussion of whether pathogens are involved in AS pathology. Studies provide powerful evidence regarding the involvement of HCMV in the formation of CHD and AS. The AS-associated factors, from molecular biological evidence and animal models, have revealed the relationship between AS and HCMV infection. The development of AS is closely related to inflammatory reactions and the immune response, endothelial injury, lipid deposition, metabolic disorders of VSMCs, and coagulation thrombosis.
Recent studies have shown that HCMV-induced vascular AS begins with an inflammatory response to HCMV infection, particularly in immunodeficient patients. HCMV infection can affect nonspecific immunity and adaptive immune control in healthy hosts, but it has the characteristics of long-term persistent latency, threatening and acting on the host at all times. In cases of low immunity, HCMV activation causes a series of inflammatory responses. In addition, transplant patients are particularly susceptible to HCMV infection-related diseases. It is clear that future research should focus on the underlying diseases caused by the indirect effects of the virus, and HCMV-related AS is one such disease. Although considerable experimental and epidemiological evidence suggests that HCMV is associated with AS, the molecular mechanisms linking the two are unclear. It has been suggested that HCMV infection is involved in the molecular biological mechanism of AS formation, and this will be helpful for developing new drugs to prevent or delay AS formation. 
